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Abstract 
The laser-arc hybrid welding is widely used in many industries through the combination of advantages found in welding 
technologies used in this single process. A significant issue is the determination of the influence of heat source power distribution 
on welding deformations generated at the interface of joined elements and adjacent zones. Numerical estimation of welding 
deformations is very important and allows for the proper selection of technological parameters as well as the prediction of welded 
joints quality. This work concerns numerical simulation of thermomechanical phenomena in hybrid welding of sheets made of 
X5CRNI18-10 steel using laser beam and electric arc heat sources. Three dimensional discrete model is created in Abaqus FEA 
in order to estimate welding deformations generated by temperature field in the joint. Additional numerical subroutine is created 
in Abaqus/Standard module in which the distribution of movable hybrid heat source is implemented. The shape and size of the 
fusion zone is determined on the basis of numerically obtained temperature field as well as welding deformations occurring in 
hybrid butt-welded joints. 
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1. Introduction 
Laser-arc hybrid welding technology is becoming widely used in many industries [1]. This method is 
a combination of two welding methods – laser beam welding and electric arc welding (i.e. GMAW, GTAW) [1–4]. 
The use of two welding methods in a single process leads to deep penetration of the material obtained in the laser 
beam process with good gap filling capabilities in the arc welding [2, 4]. Advantages of both heat sources acting in 
this welding method contributes to improving the quality of welded joints. Hybrid welding requires a proper selection 
of a number of technological parameters, such as: the amount of heat sources power, mutual distance and orientation 
to provide desired shape and width of the weld as well as appropriate mechanical properties of the joint [1, 4]. 
In the welding process, an important issue in terms of the technology is the determination of welding stresses and 
deformations generated at the interface between joined parts and the adjacent area [5]. Numerical prediction of 
welding stresses and deformations is important in the design of welded joints and the prediction of they strength and 
capacity [4–7].  
This work concerns numerical analysis of hybrid butt-welding process of stainless steel sheets made of 
X5CrNi18-10 steel. Three dimensional discrete model is prepared in Abaqus FEA computational software. 
Numerical analysis is carried out for hybrid welded joints with leading electric arc in the tandem. Temperature 
dependent thermomechanical properties of welded material are assumed in the analysis [6]. Furthermore, additional 
author’s numerical subroutine is implemented into Abaqus/Standard solver allowing the determination of movable 
hybrid heat source power distribution. On the basis of performed numerical simulations of temperature field in 
hybrid welded joints the size and shapes of melted zone is estimated as well as residual stress and deformations 
occurring in butt-welded joint. 
2. Numerical modelling of hybrid welding processes in Abaqus FEA 
Three-dimensional numerical model of hybrid laser-arc butt welded joints made of X5CrNi18-10 steel is created 
in Abaqus FEA. Sheets dimensions are 150u45u2 mm. Fig. 1 shows finite element mesh and boundary conditions 
adopted in calculations. 
 
Fig. 1. Discrete model with marked boundary conditions. 
In order to reduce computational time, the symmetry of the joint is used, assuming only a half of the mesh with 
the appropriate thermal and mechanical boundary conditions in the plane of symmetry. Non-uniform grid step is 
assumed in the analysis due to the large temperature gradients in the melted zone as a function depending on the 
distance from the weld line. Numerical simulations consider thermal and mechanical analysis in separate two steps 
[5, 6, 8]. The first step involves numerical analysis of thermal phenomena, where temperature distribution is 
obtained in welded element. Results of thermal analysis are then implemented into mechanical analysis where 
welding stress and strain is generated by temperature distribution in every simulation time period. 
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3. Movable heat source model 
Welding heat source model is implemented into Abaqus/Standard solver using additional DFLUX subroutine 
written in FORTRAN programming language. Hybrid heat source is used in calculation with electric arc heat source 
power distribution described by the Goldak’s model [9] and laser beam heat source model defined by Gaussian 
model [10]. Exemplary combined heat source power distribution is shown in Fig. 2, in geometrical set-up with 
leading electric arc in the tandem. 
 
Fig. 2. Exemplary hybrid heat source power distribution at the top surface of welded element. 
4. Thermo-mechanical analysis of hybrid laser welding 
Temperature field in welded joints is determined using Abaqus FEA engineering software, based on finite element 
method (FEM). The numerical analysis of hybrid welding process is performed in Lagrange coordinates. 
Coordinates of the centre of welding heat source is determined for each time step, depending on the assumed 
welding speed. The analysis of thermal phenomena is made on the basis of the solution of energy conservation 
equation together with Fourier law [8]. Temperature field expressed in the criterion of weighted residuals method is 
described by the following equation:  
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where O is a thermal conductivity (W.m-1.°C-1), U = U(T) is a internal energy (J.kg-1), qv is a laser beam heat source 
(W.m-3), T = T(xD,t) is a temperature (°C), qs is a boundary heat flux (W.m-2), GT is a variational function, U is 
a density (kg.m-3), T = T(xα,t) is temperature (°C). 
Equation (1) is completed by the initial condition t = 0 : T = To and boundary conditions of Dirichlet and 
Neumann type with the heat loss due to convection and radiation: 
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where Dk is convective coefficient (assumed as Dk = 100 W.m-2.°C-1), H is radiation (H = 0.5), V is Stefan-Boltzman 
constant and q(r,0) is the heat flux towards the top surface of welded workpiece (z = 0) in the source activity zone of 
radius r, T0 = 20 °C is an ambient temperature. 
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Solid - liquid phase transformations are taken into account in the mathematical model of thermal phenomena [5, 11], 
assuming solidus temperature TS = 1400 °C, liquidus TL = 1455 °C and latent heat of fusion HL = 260·103 J.kg-1. 
The mechanical analysis in elastic-plastic range is based on classic equilibrium equations, supplemented by 
constitutive relations [5, 6, 12]: 
  Ttx σσσ $    ,0,D  (3) 
ee εDεDσ $$   (4) 
where σ = σ(σij) is stress tensor, xα describes location of considered point (material particle), ( $ ) is inner exhaustive 
product, D = D(T) is a tensor of temperature dependent material properties.  
Equation (3) is completed by initial and boundary conditions, which are assumed to ensure the external static 
determination of considered system [6, 12]: 
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The total strain is defined as a sum of elastic εe, plastic εp and thermal εTh strains:  
Thpetotal HHHH   (6) 
Elastic strain is modelled using an isotropic Hooke's law, whereas plastic strain is calculated using plastic flow 
model obeying Huber-Misses plasticity condition [12]. Considering temperature dependent material properties and 
yield strength [6].  
5. Results and discussion 
Numerical analysis of electric arc + laser beam welding is presented for discrete model with dimensions of 
150u45u2 mm. The parameters of arc heat source are: Q1 =3 kW, c1 = 3 mm, c2 =9 mm, a = 3 mm, b = 1 mm, while 
parameters of the laser beam are: Q2 = 2 kW, r0 = 0.6 mm and h = 3 mm. The welding speed is v = 4.5 m.min-1. 
Fig. 3 shows numerically obtained temperature distribution in butt-welded sheets, where the solid line determines 
the melted zone boundary (TL ≈ 1455 °C). 
 
Fig. 3. Numerically estimated temperature field in hybrid laser + arc welded joint and temperature distribution 
for the selected point in the welding line. 
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Fig. 3 shows also the thermal cycle for a chosen material point in the welding line. In contrast, Fig. 4 shows the 
temperature distribution in the cross section of welded joint, the estimated numerically weld shape is represented by 
a dashed line. 
 
Fig. 4. Temperature field in the cross section of welded joint. 
Residual stress and deformations in welded sheets are determined on the basis of obtained temperature 
distributions. Fig. 5 shows distribution of residual stress in the transverse and longitudinal direction to the welding 
line (Fig. 5a and Fig. 5b), at the top surface of welded sheet. It can be observed that the highest value of residual 
stress occurs in the weld. 
 
Fig. 5. Reduced stress σ a) cross-section of the weld b) along the weld line. 
Fig. 6 shows numerically obtained deflection Uz in welded joint. Results show displacements at the top surface 
of the joint along lines: y = 10 mm, y = 75 mm and y = 140 mm.  
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Fig. 6. Numerically estimated deflection UZ in hybrid welded joint. 
6. Conclusion 
Developed three dimensional discrete model in Abaqus FEA software allows for full analysis of thermo-
mechanical phenomena occurring in hybrid welding process. On the basis of performed numerical simulations of 
temperature field in hybrid laser + arc butt-welding process the size and shape of melted zone is estimated and 
residual stress as well as deformations are predicted. 
It can be observed that the electric arc heated the outer layer of material which allowed deeper penetration of the 
material by the laser beam (Fig. 3) in this welding process. For assumed welding parameters a proper melted zone is 
obtained, where the width at the face of the weld is about 3.2 mm, while 1.6 mm at the root (Fig. 4). In melted area 
maximum tensile residual stress occurs. The maximum value of stress is about 230 MPa (Fig. 5). The value of stress 
decreased whit distance from the welding line. Welded sheets undergo deformations. Important displacements occur 
in the cross-section of the weld. The highest value of displacements occurs in a perpendicular direction to the 
welding line at both ends of welded sheets, reaching maximum value of 0.12 mm (Fig. 6). Displacements along the 
welding line are significantly smaller than displacements in perpendicular direction to the welding line. 
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